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Ahstrad

Al) invcs[igatim mncc.ming  possib]c visihlc  and [ V photon  emissions by gas ]d)asc (;60

(and C+o) samples under  clcc.iron impact  excitation was carried out in [hc 180-750” m

spcctml rqjm. Radifition rcscmhling  01 I (A 211 - } X 2X ) cmissim bands and 11 llalmcr

series was observed. Based m our invcsligatims, i[ is Conclucicct  [hat none of the

observed mission was associakxt  wi[h the fullcmnc  mohxulc itself hut with C60011 and

C;6011addt]cts  (whicl~arc prcsc]]t ir]ihcfl]llcli:l~ csaI]~]]lcs).  WcalsocO1~(;lll(lctl]i~t”  in[hcsc

adduc(s,  sinlultancous  imiy,ation and cxcitatim takcp]acc  undcrclcmon  impact and the

(>x~i[cd ioI~i~ spccics ((+jo+()]]* ad ~fjo+l]*)  dc.~ay  t)y radiatio]) which was obs~l’\rcd  if]

()ill"cxJJcritllcllts.  'J"}lcsc  sllrj)risitlg  l~:sllllsr(:vcal  an ii)lcrcsti[lg [lcwcllal:ictc.lof  l)~lckyl~all

adducts.  ‘J’hc tlmsholds  of the C60 related 011 (()-0) transilim and 11 II:ilmcr ct radia~ion

were found to bc 11.6 +().5  and 2.().6i  I. OC.V, rcspcctivc]y.  ‘1’hcsc values arc 2.4 f 0.5

and3.4i  l. OcVhigticr  thal~tt~c  c()llcs~)(>t~(lii~  j:val~lcsass  ()ci:ttc[lwit  11112, ().



1 )iscovcry  of the. C60 (btlckr~~it}sklft~llcrcl~c  or buckyball)  nlolcmlc stimulated a
h.

great deal of intcmst  in its physical and c}mmical  propcrlics.  A number of inwstiga(ions

have been conccmx.1  with hmlincwcncc  of (;60 (and (~yo) in the mndcnscd  phases (pure

solid and liquid solutions).1-6 ‘1’o our knowledge,, no studies concerning clcctton-impacx

l[ll~~il~c~cct~cc  ofgasco~ls  C60(atld  C70)havc kct~rcpor[c(l.  3’1~cir~itial  ait~~of  thcprc.se.i~t

study was 10 fill in this gap in the visible and ultravio]ct (l_JV) spc,ciral  rcSions. Wc

investigated the 180 to 750 nm region for possi[~lccl~~issiol~  by C60 (and C70) samples as

WC1l as from their unenriched mix[ums under electron impact and obsc.rvccl  n~olczular

band-type emission features in the 275 to 340 nm region and atomic-type emissions at

longcrwavclcngtis.  ’llmccn~issionswc  rcfouncl  {o bcsinlilar  to, but notidm[ical  wi th ,

011 emission bands and Nalmcr series linm from clcctmn-impact  dissociative cxci tati on of

1120. l’hcy arc, however, rcn~arkabl ydiffcrcnt from t}]cllzo related emissions in several

ways: I’hc onset energy value.s and initial slopes of thccxci(ation  functions as WC]] as the

~;lativc il~W.slsily  distribtltiol~s  oft}) ccnlissioj~ s~.ctl"al ft~allll”l:s al”csigilificaf ~tly[liffct”(?l][.

Based oJ~ our investigations (dcscrilwd  below), wc came 10 the conclusion $at C60

(an(i C70)docs  notcn~i  tradiationinthc  I801O 7S(Jnnl  wavclci~gtll  rcgif)llaj]cltllat  t h e. .

observed cn~issicm  arc associated with C60011  and C6011 adducts.  ‘1’hcsc spccics are,

fornml  during  the production of the buckyball san~plcs Mass spcctroscmpic  stuclics clearly

show the prcscncc  of positi vc anti ncgaii vc ions associated with these add uc.t spccics in

buckyball  san~plcs.7 Wc conclude [hat in [he loosc]y bouJ~d adducis,  s i m u l t a n e o u s

ioni~,ation and excitation take place under c]cctron  impact and the cxcitcd  ionic spccics

(C60+0J  1* and C60+II*)  ckxay by radiation which is observed in our cxpcrimmts.  “1’hcsc

surprising results reveal an interesting ncw character of buckyball  aciducts and give

warnings that C60 and (~70 samp]cs arc not bolnogmcous pure conlpouJlds  aJlc] lhcrcforc

thcrcforc,  caution has to bc taken in assigning ob.served characteristics of these sanlplcs.



A crossed clcctic~]l-l~~c)lcc[~la]  beam mlfigaration  was used in the present studies

of vapor phase buck yballs ((;60, ~70 and their mi xtum prmuml from Materials and

l;lcclrochcnlica]  Research Grpmition).  Most of the studies were carried out wit h (;60

smnplc.  A stainless steel cmciblc  was fJllc41 wit]) the sample and a beam was fomc,d by

heating the cmciblc  (o about 5(KP ~. “1’hc  tcmpcraturc  of [he. crucible. was monitmxl  by a

~hmnml-Alunlcl  ttlctt~~{~co~lplc..  l’hc buckyball vapor cfl’used through a 0.75 mm diamc[cr

hole. and formed a target beam without fur[hcr col]i mation. (Xhcr target spccics 1 lc, N2,

1120, CLC., mulct bc introduccxt into the inlc.raction  region through a capillary tube, An

electron gun with magnetic collimation, similar in design to [hc mm used by Ajcllo c{ al.g,

was cmp]oycd for (})c present n]casurcmcnls. An approximatc]y  uniform magnetic fick],

parallel 10 the electron beam and with a stml~glh  of 120 Gauss in Ihc intcrmlion region,

was produced by four Alnico  V bar magnets. ‘1 IN> target lmun was crossed at 90[’ by the

clcctmn beam at a dis[ancc about 0.5 cm fmn the point of effusion. ‘1’hc electron bcanl

current ranged from a fcw to 100 pA as a function of impact energy in various excitation

function mcasurcmcnts  and was very nearly constant  in all spcc[ral  mcasmmcnts. ‘1’hc,

electron bcan~ current was mmitorcd  by a I;araday  cup. ‘1’hc energy resolution [full width

at half maximum (FWI IM)] of the elwmon beam was approxin~atc]y 0.5 CV which is

typical of such a gun wilh a [ungstcn  filament calhodc..  lhui[kxl  photons, Corrcspondil]g  to

radiative ciccay of collisicmally  cxcitcd  spccics jn the target region were dc[cctcd  by a ().5-

mctcr 1 ;bcri spcc[romc[cr  cquipptxj with a cooled (- 30[” ~) j)t}otol~~~~lti]>licr  dckc[or

nlountc(i  at the exit s]it.  The instrument was cntirc]y automakx]  for rcpctilivc  scans by a

con} putcr.

‘Iwo lypcs of mcasurcmcnts  were carried olJt. ‘1’0 obtain an emission spc.ctrum,  the.

clcctroJ~-iJnpact energy was fixed and the mission iJ~Lcnsity  as a funciion  of wavelength

was rC.COrdCd.  “]’0 obtain  [hc onset ValUC.S  and iJlitial  s]opcs foJ’ [hc Cxcitalion  flJnctims, wc

fixcct the dctcc[ion wavc]cngth  aJd scanned [hc clcc[ron  impact energy.
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l;mission  spectra obtained from the. (+0 sample at 20 and 100 CV electron impact

Cncrgy  arc shown in log. 1. ‘1’hc 01 I I&WA emission features are present in both spectra

while [hc 11 rclald  missions arc abscn( al ?0 c.V (w}lic}~ is less than the threshold cmrgy

for these emission proccsscs). Supcrficial]y,  (1IC missions appear (o bc lhc same as those

obtained from } 120 sample under the same. cxpcrimcntal conditions and it would bc natural

to assumcthat  background }Itoor  1120a dsorbcd  by (or houn(i  to) the C60 sample is

rc,sponsiblc for the observed emissions. “l”hcrc  arc several indic:i[ions, however, that this

was no[ the case. No emission was observe.cl f] om the background when the cruci blc was

hcatccl  but empty or heated at to tcmpcraturcs  below 300’) ~. 1 lcating  the sample for long

durations at tcmpcrat  urcs in the 400[)” 10 500(’ ~ range did not eliminate lhcsc  radia[i mm.

When Ihc crucib]c was heated above 500” (; the emission persisted until the sample in [he

crucible was cntirc]y  consLmlcct  or ciccomposcd 10 graphite. It should bc noted that in fresh

samples emission appeared at tcmpcraturcs  bctwccn 300-4000 ~ but as time went on (tic

tcmpcraturc bad to bc raised to obtain the salnc emission in[cnsi(y. These observations

were made with a varic[y  of samp]cs (C60, <:70 and unscpamtcd  mixtures  prepared with

anhydrous  tolucnc  or bcnmnc cxtracxions by Materials and l;,lc.ctroct~ci~~ic:~l  Research

Grporation).  No water was used in the prcpamtion of any of these samples. IL should bc

pointed out that wc also s[udicct  tolucnc  and bcnmnc  to investigate possible contributions

of their spectra to the ~6~ spectrum. No 011 type cnlission w:is found in ci[bcr case,

although emission from anhydrous  to] ucnc (Cent iii ni ng less than 0.()()5% } 12,())  appeared at

around 280 ntn. I’his spccml  feature is, howcvm, clcarl y clistinguishab]c  from the 011 [ypc

emissions.

Another indication came from a CIOSC1  examination of the 011 type emission

fcalurcs as dcnlonstratcd  in l;ig. 2. “1’his  figure shows ovcrplottcd  spcc[ra oblaincd

sc.paratc]  y for I 120 and ~60 samples under idcntica]  cxpcrimcnt:il  condilioJw at 30 and 1 ()()

cV electron impact cncrgics.  ‘1’hc 1120 spcctrmn obscrwxl  in lhc present study  at 100 cV is



identical to that obtained by other

distribution of the various hands for

conccmcd. ‘J’his intcnsily  distribution

iilvcs{i\::it(Jts9110  as far as the rc]ative  inlcnsity

the 011 [A 211 (v’) + X 2X (v”)] transition is

is not significantly alkmd  as the clcctroJ~  impact

energy is c}~angcd.  };O1< the cnlissioJl  fcatum associakxl  with lhc ~60 saJnplc the iJltcmity

distribution diffm significantly from those observed for [hc 1120 saJnplc and changm

significantly wilh impact cncJ”gy.

in order to lcam more about the naiuJ c of the (;60 sample rclaled cJnissioJls,  wc

measured onset cJIcrgy  valuc,s  for both the 011 aJld } 1 t ypc emissions. I ‘or this puJposc  lhc

I lc {43P+ 23S) emission feature at 318.9 IInl was utilid for which the onsc[ value is

23.71 cV.11 Both ~60 and I IC satnplcs wc.rc. iJ]lrocluc.cd  into the interaction region and the

excitation funclions  at 318.9  nJ]l aJd at the wavclcnglh  corresponding to the desired [~60

rclatccl  feature were rccordcd  under identical cx~~crinlcntal  conditions. “1’hc cmltact

potcJ~tial  observed for the 1 lC cn]issioJ~  was ttlcn applied to correct the observed onset

energy for [tic cm related cIJ~ission.  At 315 l]m the I Ic emission feature overlaps the {~60

rclatul  011 (1-1) band with t}]c present spcclml rcsolutioJ~  of 5 nm (I; W}IM) and the

excitation function shows two dislinct  s[cps coJics~>O1lClit~g”  m the two onsets. ‘1’lw

calibration procedure was carried out also ap,ainst the N2 [c ~1 lU (v’=()) ->13 ~1 lg (v”= ())]

band at 33’7. ] Jm for which the oJ~sct value of ] 1.03 CV is known from spectroscopy of

N2.12 ‘l’he operation of the apparatus and the nliability  of the calibration proccclurc were

extablishcd  by introduciJ~g  a Jnix[urc  of IIc and N2  i n t o  t h e  in[craction region and

CalibJ’atiIlg  oJlc agailMt the OthCI. ]1) additioJl,  tk OJISCl  Va]UC was (~CICrilliJKXl for ] ]20

sample against 1 lC and was found to bc 9.2 i 0.5 CV which is in agrccn~cJ~t  with pJ”cvious

l~~casllrctllct~ts.9’  10 ‘1’hc conclusions drown from these nmasurcmcnts  can bc sumnlarimd.

as follows:

1. ‘Ilc oJMct  for the ~60 rcla{cd 01 I (()-()) lransitioJl is 11.6 f ().5 cV.
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2. ‘1’hc onset (within the ~ 0.5 CV crm limit) is the same for all ~60 mlatcd 011

emissions.

3. “J’hc onset for the c60 rcla(cd IIalnlcr -cx emission is 20.6* 1 .() cV.
.

II shou]d hc pointed out that at ]ongcr wavclcnglhs  (in the visible spectral region where } 1

}Ialmcr smics appear), it was ncccssary to introduce additional apertures in the electron

gun and incmasc  the distance bctwccn  the filament and the intcraclim  region to minimim

the background radiation. This rcsu]tcd in dccrcascd electron beam current and larger

unczrtaintics  (i.e. tl.OcV) illtllc ()llsct  valtlcn  lcaslll"c1llctlts.

Onc other type of mcasurcmcnt  was carried out to demonstrate the coJ~sistcncy  of

the cmsct  mcasurcmcnts,  both in their mlsct energy values and initial slopes of the
,

excitation functions. “1’hc oJMcl region of [hc excitation functions for ()]] (()-()) type

emission at 312.5 m wasmcasut-cd  forpurc}]zo,  for1>urc~60sa[~~plcat~(l  thcirmixturcs

under identical cxpcrimcntal  conditions. A mnpositc  of lhcsc results is shown in l~ig.  3.

‘Jim excitation function for the mix[urcclcarly  shows the IWO distinct onsets a,wociatcd

with 1]20 and f+jo Sample. “1’hcsc onsets arc identical with the onsets in the pure

components, both in onset value and initial shape.

The interpretation of the present results and the assignment of the ohscrvc{i

emissions arc based on observations made in the present cxpcrimcnts, on m ass

spectroscopic studies of Wood ct al. T, and on the cncrgctics  of the various proccsscs

invo]vcd (SCC “1’ab]c 1 for pertinent energy data). It is concluded that the emissions

ohscrvcd  from the C;60 sample cannot bc associated with 1120 and cannot bc duc to (;60

Inolcculc.

(kmtribution  from background } 120 (water molmulcs  adsorbed  on  and

suhscqucntly  outgasscct  from various surfaces in the chamber ) was not found under the
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s}~:illc  (Jt~scl.v[>(l for[tlc  C;60ty13c{)ll  clllissic)ll  ar~:illcollsistrtlt  with those of frcc}lro.  ‘1’bc

assump[im  that 1120 is bound to (;60can  bc climinatcxl  bascxl on cne,rgc.tic  rcasmings.  ‘l”hr..

tbrccpmccsscs  lo considcrhcrc,  as farastbcol  1 lypcmissions  arcconccrncd,  am:

C6$J~O+-e-(Eo)->  C6~li Oll*(A)i  C-(I(,;AE]) (la)

O ] ] * ( A ) - >  Oll(X)i  hV (-4eV) (J b)

C6$]10-I  P-(EO)-)  C60011*(A)+ II+c-(F+)-AI+) (2a)

C’60CVI*(A)+ C60LM1(X)+ hV (-4eV) (2.b)

C6~I@iF(Eo)->  C’60i 1110+ P-(EO-AI<3) (%)

1120+ C-(IiO)–> II-i Oll*(A)i  e-(L’o- 9 . 2 ) (3b)

OII*(A)-+ (2)1(X)+  hV (-4eV) (3C)

Ilissocia[ivc  excitation for O}l(A)/1120has a threshold of 9.2 cV. ‘1’hc wcali van

dcr Waals type binding bctwccn 1120 and ~60 should not clmstically  change these values

for the ~cO1120  complex. The dissociative excitation proccsscs  dcscribcd  by equations (1)

and (2), therefore, should  also have onsets near 9.2 CV and not 11.6 cV, as observed. A

2..4 CV biI~(lil~g  cl~crgy  for1120i  l~~60isI}ot”  acceptable.~’bc two-s(c.p process dcscribcd

by Hqn.(3) is very unlikely based on (he two step rcquircmcmt. Moreover, it is also

inconsistent from tbcmsct  energy point of vim’. ‘I;hc process

can bccliminatcd  bascdoncncrgetics.

6



11 is a])parcnt  that the atomic type IIallncr  radiation cannot bc (IUC 10 (:60.  ‘I”hc

same k wry much probab]c for the 011 type radiation, based on the appcaranm of the

mission spcctruJn which is c]car[y charactmis[ic of the four 011 bands. If onc were to

assutnc  that a similar emission pattern may r(:su]t {;(O ctnission,  onc would have [o

considcr thcfol]owing  proccss  (bccausc the ionization potential of C;60is 7.54 f ().()4 CV

and the onset value is 11.6 f. 0.5 cV):

(5a)

(sI))

and cxcitc,cl  atomic states which would match the 011 band structure pattern. ‘1’his is very

unlikcl  y.

A satisfactory and cncigcticalty  consistent explanation for tbc observations of the

011 type cmissicm can bc given by the following pmccsscs:

C60011 -t C?-(l<o) + C60” Oil*(A) + C-(EO-AI<6) -I e-(cjcctcd) ((is)

c60i  O]I*(A) --> C’60+ O]](X) -I hV (-4cV) ((it))

(’J’hc  0}1 may or may not remain attached to ~(o). Similar reasonings, conccrnit~g  lhc

Bahncr series emissions, lead to the only acccptahlc process given as

It shoutd  bc noted that the mc~hanism dcscribcd  by ]k]n. 7 for IIatmcr a ctnission

also app]im to production of ot}lcr  mcmhcrs of I}m ]Jalmcr series (n” = 4, 5, . ..). A similar
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nmchanisnl  (wilh n’” = 1 ) shou](i  lead to pmluction  of the 1 .yman  series mission in the

vacuum UV region (which was nol investigated in the prcscn[ cxpcrimcnls).

‘1’hcsc observations and in[crprcta[iol~s  rcvca]  [hat the observed emissions arc not

associated with ~@ hut with ~600]] and ~601] adducts.  ‘1’hc,sc adducts  are either formal

during the production of buckyball samples and arc not separated out by the purification

process or [hey formed during the purification and/or subsequent sample handling

processes. ‘I’hccxistcncc  of fullcrcn cadducts wasrcvcalcd  bycadicrmss  spectroscopic

studies. Addition of 14, 15, 16 and 17 daltons  to C60 (and C.70) was shown to be duc to

Cl IZ, 013, () and 011, respectively and positive and negative ions, associated with 0}1

an(i 11 fullcrcnc adducts,  were observed in mass spccxra of ~60 ((;70) samples. (I;or

references scc Wood et al.7). “l’he n~czhanism  to explain out observations rcquim

sinlu]tancous  ionization of ~60 and excitation of the weakly  bound ()]] and ~] species. 1[ is

fairly well established that energy deposited in condcmscd  or dissolved Cc,o (from photon

absorption or electron inlpact)  very quickly rcdislributcs anlong  the internal dcgrccs of

frmdom and eventually results in (;60 in its ground  and the 10WCSI mctastab]c  states via

various decay and collision proccssmd l’hc mc.tastablc  species weakly radiate in the

infrared (1 R) spc~tral rcgicm.s!15 “1’hc pun,ling  question that remains is: 1 low does the

excitation of the loosely bound 011 and 1 I occur’? IJurthcr investigations itwolving

imdphoton  coincidence measurements should be carried out to answer this question and

confirm the mechanism.
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‘1’aldc 1. Summary Of energies pcrlincnl 10 lhc irll(:rl)lcl:i[iotl  01 (k present
OtlscrvatiOns.

RcactiOn

11~()+ c’ -+ O]](x)+ 11(1s)
OII(A)  + ~l(]S)
OI1(X) -t 11(11 = 3)

(N](X) –> O}](A)

}I(n = 3) -->ll(n  = 1)
II(n == 3) -> Il(n ==2)

(:60 + c- –-) c~o+ +- 2c-

5.114
9.2
17.202

4.017

12.088
1.889

7.5450.04

13
9

13

13

11
11

14

{;Gosanlplc*-I  c- -)011(A –> X)typc radiation 11.6 i ().5 pl”c!scnt  result for onscl
11 ltal~llcruty~~.ra(liatioll  20.6d 1.() present rcsull  for onset

* ‘1’hc sample contains ~bool I and ~GOI 1 adducts.



l’igurc Captions

l’igure  1. Ihnissim  spcclra  obtained unclcr  clcclrt)n impact from C;CO+  01 I* and (~c(ii 1 I*
spccics  at a, 20 CV and b, 100 CV impac[ cncrf,ics.

]/igtlrc 2. ovcrp]ots  of (}lc ()] ] IYpc Cmissi{)l] fC.atllrcs  frolll  (~co+ 01 ]* (.) am] pUrC I I?()

(o) obtained at c]cclron  impact rmcrgics of a, 30 CV and b, 100 cV.

Figure  3. Onset energy values and initial slopes of optical cxcita(im functions for ()} 1
type emission from pm }120 (V), ~GooII (V) and their tnixturcs  (.).
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